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Abstract

Sunlight plays an important role in transforming effluent organic matter as wastewater
effluents travel downstream, but the corresponding effects on the formation of haloacetonitriles
(HANS), a group of toxic disinfection byproducts, in wastewater-impacted surface water has not
been thoroughly investigated. In this study, we observed that sunlight preferentially attenuated the
formation potential of bromochloroacetonitrile (BCAN-FP) over that of dichloroacetonitrile
(DCAN-FP) in chlorine- and UV-disinfected secondary effluents. For four effluent samples from
different plants, 36 h irradiation by simulated sunlight removed 28%—-33% of DCAN-FP and 41%—
48% of BCAN-FP. Across a larger set of effluent samples (n = 18), 8 h irradiation (equivalent to
2-3 d of natural sunlight) decreased the calculated cytotoxicity contributed by dihaloacetonitrile-
FP in most samples. Similar behavior was observed for a mixture of wastewater and surface water
(volume ratio 1:1). For UV-disinfected effluents, the higher the UV dose, the more likely was there
a reduction in DCAN-FP and BCAN-FP in the subsequent sunlight irradiation. Experiments with
model compounds showed that fulvic acid and UV photoproducts of tryptophan yield excited
triplet state organic matters during sunlight irradiation and play an important role in promoting the

attenuation of HAN precursors.
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1. Introduction

Haloacetonitriles (HANs) are a group of nitrogenous disinfection byproducts (N-DBPs)
widely detected in drinking water and disinfected wastewater effluents.” ? Toxicity assays using
mammalian cells showed that they exhibit 10-1000 times higher cytotoxicity and genotoxicity
than the trihalomethanes currently regulated by the U.S. Environmental Protection Agency
(EPA).’ A national survey of U.S. drinking water in the late 1990s reported HAN concentrations
ranging from 0.8 to 8.2 pg/L (25" and 90™ percentile) in plant effluents; it also showed that
dichloroacetonitrile (DCAN) and bromochloroacetonitrile (BCAN) are the two most prevalent
species, with a median concentration at 1.3 and 0.7 pg/L, respectively.' After integrating the
concentration and toxicity of individual DBPs in drinking water, HANs emerge as the most
harmful DBP group, contributing to 45-83% of the overall toxicity, more than any of the other 10
known DBP groups.*

Recently, the concern of HAN increased along with the increase of wastewater impacts on
source waters.” ® A case study on a U.S. watershed highly impacted by wastewater effluents
showed that the formation potential of HANs was 3—4 times higher in samples collected
downstream of three wastewater treatment plants (WWTPs) than those collected upstream.’
Another case study in Thailand also reported that the average HAN formation potential of
wastewater effluents was 1.1-2.5 times higher than that of the corresponding upstream river
waters.” HAN formation positively correlates with the concentration of dissolved organic nitrogen
(DON),”® which has 6 times higher average concentration in wastewater effluent than in pristine

1011 and nucleic acids'®

surface water.” Nitrogenous organic compounds such as free amino acids
can form DCAN at yields ranging from <0.05% to 1.5% by chlorination. Bromide ion, which is

more abundant in wastewater (median concentration 0.19 mg/L?) than in surface water (median
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concentration 35 pg/L'?), can also promote HAN formation.” Specifically, the formation of
brominated HANs is greatly enhanced by the presence of bromide, as shown in solutions
containing model precursors such as tryptophan'® and natural organic matter'* as well as in
auththentic drinking waters'> and wastewater'® samples.

Sunlight plays an important role in transforming effluent organic matter, as suggested by
the decreases in ultraviolet (UV) absorbance, fluorescence intensity, and/or DON concentration.'”
» QOur recent work also showed that sunlight can attenuate the formation potential of
trichloronitromethane (TCNM-FP) for non-nitrified wastewater effluents; in the presence of nitrite,
however, TCNM-FP can increase by up to 3.6 ug/mg C, potentially attributed to the formation of
nitrated precursors under sunlight.”* To date, only a few studies investigated the sunlight effects
on the HAN formation potential (HAN-FP) of wastewater effluents.> *® One study reported a 47%
reduction in DCAN-FP for two wastewater effluents after 13 h sunlight irradiation;25 however,
both samples were from nitrified-denitrified and UV-disinfected effluents, which may not
represent other types of effluents. Another study reported a 17% reduction in DCAN-FP for the
supernatant of an activated sludge-seeded aerobic microcosm after 48 h irradiation.”® BCAN
formation was either below detection limit or not analyzed in these two studies, but other studies
have shown that the BCAN-FP of wastewater effluents can be comparable to their DCAN-FP.*"
28

The composition and photo-reactivity of effluent organic matter are influenced by
nitrification® and wastewater disinfection®” 30, but the behavior of different wastewater effluents
under sunlight has not been considered. A survey of 23 U.S. WWTPs reported that well-nitrified
effluents had 1.4 times higher specific UV absorbance at 254 nm (SUVA) than non-nitrified

effluents, but 50% lower DON concentration.” Chlorination disinfection decreased the
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fluorescence signals corresponding to tryptophan- and tyrosine-like moieties more than those
corresponding to humic-like moieties, while UV disinfection decreased the fluorescence intensity
of the three moieties similarly.*

The aim of this study was to examine the effects of sunlight on the potential of wastewater
effluents to form HANs. We collected secondary effluent samples, simulated wastewater
disinfection in the laboratory by chlorine or UV, irradiated the samples under simulated sunlight,
and then measured the HAN-FP of the irradiated samples and compared it with the non-irradiated
samples. Similar experiments were conducted on a mixture of pristine surface water and
wastewater effluent. For UV-disinfected effluents, the effect of UV disinfection fluence on the
extent of HAN-FP attenuation in the subsequent sunlight irradiation was evaluated. To provide
mechanistic insight, we evaluated the effects of sunlight on the HAN-FP of model precursors that
exhibit sunlight reactivity and correlations with wastewater HAN-FP, and identified the key

components in wastewater effluents that contribute to their observed behavior under sunlight.

2. Materials and Methods
2.1. Materials

Detailed information about the chemicals used in this study is shown in Text S1.
2.2. Wastewater and Surface Water Sampling

Secondary effluents from four WWTPs were collected before disinfection and shipped to
the laboratory on ice within 2 h. Samples from WWTPs A and B are non-nitrified effluents, while
those from WWTPs C and D are nitrified effluents. Each WWTP was sampled 2—7 times over the
course of 37 months. The surface water sample was the source of a drinking water treatment plant

with <1% wastewater impact.’' Both wastewater effluent and surface water samples were filtered
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immediately upon receipt by pre-combusted 0.7 um glass fiber filters and stored at 4 °C before
use. The filtered samples were used for experiments within 3 weeks after sampling. Table S1
shows the treatment process of each WWTP, sampling dates, and the water quality of each sample.
Details concerning the methods and detection limits for water quality characteristics are shown in
Text S2.
2.3. Wastewater Experiments

The wastewater experiments follow a three-step process: 1) simulated wastewater
disinfection, 2) simulated sunlight irradiation, and 3) formation potential test (Scheme S1). Details
are provided in Text S3. Briefly, the filtered secondary effluent samples were disinfected in the
laboratory by sodium hypochlorite (NaOCl) or low-pressure UV to simulate wastewater
disinfection. The chorine and UV doses approximated those used in the WWTPs where samples
were collected. The chlorine dose was 2 mg/L as Cl, with a contact time of 30 min, and residual
chlorine (1-1.7 mg/L as Cl,) was quenched by sodium thiosulfate (Na,;S,;03). The incident UV
fluence was 12-150 mJ/cm?® of which 48%—68% was absorbed after accounting for sample
absorbance at 254 nm and the path length of 2.76 cm (Table S2). Simulated sunlight irradiation
was carried out in a Q-SUN Xe-1 test chamber (Q-Lab Corporation, Westlake, OH; intensity is
shown in Figure S1) in quartz disc-covered crystallization dishes. The light intensity was 320
W/m? as determined by the 2-nitrobenzaldehyde chemical actinometry.*? Sample temperature was
maintained at 20 °C using a circulating water bath. Most samples were irradiated for 8 h, but one
or two samples from each treatment plant (randomly selected) were irradiated for 4-36 h. The
formation potential (FP) test followed a similar procedure developed by Krasner et al.” for
surveying the HAN-FP of wastewater effluents, with the exception that longer contact time (72

instead of 24 h) was used. A similar procedure was also used in previous studies on the sunlight
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effects on DCAN-FP.*® Sample solutions were buffered at pH 7.2 with 10 mM phosphate buffer,
and then spiked with NaOCl to achieve a chlorine dose of NaOCl (mg/L as Cl,) =3 x DOC (mg
C/L) + 8 x NH3-N (mg N/L) + 10. Four HANs, DCAN, BCAN, dibromoacetonitrile (DBAN), and
trichloroacetonitrile (TCAN), were analyzed for all samples, and four trihalomethanes (THM),
chloroform, dichlorobromomethane, dibromochloromethane, and bromoform were analyzed for
selected samples; the method detection limit was 0.1 pg/L for each DBP. DBPs were also analyzed
after the simulated wastewater disinfection step (i.e., before or after sunlight irradiation; prior to
FP test). Table S3 shows the values of DCAN and BCAN for chlorine-disinfected effluents. These
concentrations are generally low (below detection limit to 0.2 pug/mg C), and were subtracted from
the DBP concentrations after the FP test to yield the DBP-FP of the samples. For UV-disinfected
effluents, DBP concentration in all samples before formation potential test was below detection
limit. Details are provided in Text S3.
2.4. Excitation Emission Matrix (EEM) Analysis

Fluorescence EEM was determined using a Cary Eclipse fluorescence spectrophotometer
following a published protocol.*® Samples were diluted to a DOC concentration of 1 mg/L, spiked
with KCl to achieve a concentration of 0.01 M, and then acidified to pH 3 using a 2 M HCl solution.
Excitation and emission slits were set to a 10 nm band-pass. The excitation wavelength increased
from 200 to 400 nm at 5 nm increments; for each excitation wavelength, emission was recorded
from 290 to 550 nm at 2 nm intervals. Raw EEM data was processed to subtract blank, to correct
inner-filter effect, and to remove and interpolate scatterings using an R-based parallel factor
analysis (PARAFAC) model.**** The processed EEM data was plotted in a contour plot, and the
fluorescence intensity was calculated by volume integration.’® EEM was divided into five regions

respectively associated with tyrosine-like, tryptophan-like, fulvic acid-like, soluble microbial
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product-like, and humic acid-like moieties. Figure S2 shows the EEM plot for effluent A5 as an
example. The assignment of the fluorescence regions followed the recommendation from Chen et
al.*® We recognize that both fulvic acid and humic acid can fluoresce in region III**; however,
since fulvic acid is the dominant humic substance in wastewater efﬂuent,37 and its fluorescence
signal is stronger than humic acid in Region III,>® we used only fulvic acid to reconstruct the
fluorescence signal in Region III for synthetic wastewaters (see section 3.2.2 below).
2.5. Model Precursor Experiments

To investigate the mechanisms for the observed sunlight effects on HAN-FP, experiments
were conducted using solutions of model precursors, their mixtures with fulvic acid, and their
mixtures with a surface water sample (SW). Four model precursors, tryptophan, tyrosine,
asparagine, and Suwannee River fulvic acid, were tested. Each solution contained 5 mg C/L
precursor and was buffered at pH 7.2 with 5 mM phosphate. For the mixtures with fulvic acid, 2.5
mg C/L fulvic acid was spiked into tryptophan, tyrosine, and asparagine solutions. For the mixtures
with SW, a “synthetic wastewater” was first created using tryptophan (50 pg/L) and/or fulvic acid
(2.5 mg C/L), and then mixed with SW. The concentrations of tryptophan and fulvic acid in the
synthetic wastewater were chosen to achieve similar fluorescence signal in the corresponding
regions as effluent A5 (Figure S4 and Table S4). Details are described in Text S6. The
concentrations of model precursors in the “synthetic wastewater” are also similar to those
measured in authentic wastewater by high performance liquid chromatography® and

fractionation®” 4% #!

in previous studies.
Because we observed that the change in HAN-FP of UV-disinfected wastewater effluents

under sunlight was influenced by the UV disinfection fluence, we quantified the overall sunlight

absorption ability (290-500 nm) of selected samples. The details are shown in Text S7. To
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investigate the roles of fulvic acid and tryptophan (and its UV photoproducts) in changing HAN-
FP under sunlight, 2,4,6-trimethylphenol was used as a chemical probe for excited triplet state
organic matters in tryptophan solutions, effluents A6 and C7, and fulvic acid solutions under
sunlight, and benzoic acid was used as a chemical probe for hydroxyl radical ((OH) in tryptophan
solutions. Detailed methods are described in Text S8. The concentrations of tryptophan and its
photoproducts kynurenine and tryptamine were analyzed in selected samples by liquid
chromatography triple quadrupole mass spectrometer (LC-QQQ) (Text S9).
2.6. Calculation of Cytotoxicity

The total cytotoxicity contributed by dihaloacetonitrile-FP was estimated by summing the
ratios of the formation potential of DCAN, BCAN, or DBAN over their corresponding LCsg
cytotoxicity index’:

DCAN-FP N BCAN-FP N DBAN-FP

Cytotoxicity = (Equation 1)

50,DCAN LCSO,BCAN LCSO,DBAN
where FP (M) is the non-normalized FP of each dihaloacetonitrile, and LCsy (M) is the
concentration of a dihaloacetonitrile that is associated with a 50% reduction in cell viability or cell
growth compared to the untreated control in a Chinese hamster ovary cell assay.’ The LCs index
for the three chlorinated and brominated dihaloacetonitriles is shown in Table S5. TCAN was not
considered in cytotoxicity calculation because of its low toxicity’ and low formation from
wastewater reported in literature®™ and in our experiments. We recognize that HAN-FP of
wastewater effluent cannot represent the HAN formation in the drinking water. Here, the
calculation of cytotoxicity is used as an indicator to assess whether sunlight alters the potential

toxicity of HAN formation from wastewater effluents.

3. Results and Discussion
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3.1. Comparing Sunlight Effects on the DCAN-FP and BCAN-FP of Wastewater
Effluents
3.1.1. Chlorine-disinfected Wastewater Effluents

The effect of sunlight irradiation was first assessed for chlorine-disinfected wastewater
effluents, because chlorination is the most common wastewater disinfection method in the U.S.*
# A recent study showed that the transport time between WWTP discharge to downstream intakes
ranges from less than one day to more than a week.** To capture a wide range of travel time, 4-36
h was employed in the experiments, roughly equivalent to 1-13 days of natural irradiation
(midsummer at 40° N at sea level under clear sky; accounting for diurnal pattern).*” Figure la
shows that for all four effluent samples, sunlight steadily decreased both DCAN-FP and BCAN-
FP, but BCAN-FP decreased faster than DCAN-FP. By the end of the 36 h irradiation, DCAN-FP
decreased by 28-33%, while BCAN-FP decreased by 41-48%. Table S7 shows the fitting
parameters for first-order and zero-order kinetics; first-order fitting yielded slightly higher R?
values. The first-order rate constants for the attenuation of BCAN-FP (0.017-0.021 h™") was
approximately 2-fold greater than those for DCAN-FP (0.009—0.012 h™"). The concentrations of
the other two HANs monitored, DBAN and TCAN, were below detection limit in most samples.

To assess whether the faster attenuation of BCAN-FP than DCAN-FP was a consistent
phenomenon, each treatment plant was sampled 1 to 6 more times over the course of 37 months,
yielding a total of 18 samples. All samples were irradiated for 8 h, equivalent to 2—3 days of natural
irradiation. Figure 1b shows that sunlight indeed attenuated BCAN-FP to a greater extent than
DCAN-FP. For DCAN-FP, two thirds of the samples had FPg,/FPy ratios in the range 0.9—1.1 (i.e.,
less than 10% difference before and after irradiation). In contrast, for BCAN-FP, two thirds of the

FPg1/FPy ratios were smaller than 0.9. D1 sample exhibited unique behavior, with both DCAN-FP

11
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and BCAN-FP increased after irradiation; the sample was collected after a heavy rainfall, so its
composition may not represent typical wastewater effluents. For all samples, BCAN-FP is lower
than the corresponding DCAN-FP (Table S6), but BCAN is also 7 times more cytotoxic than
DCAN.? Therefore, we calculated the total cytotoxicity contributed by all dihaloacetonitrile-FP
(mostly DCAN and BCAN), and observed that 8 h sunlight irradiation reduced the overall
cytotoxicity for most samples (Figure 1c).

Because the use of high chlorine dose and long contact time in FP tests amplifies DBP
formation, and because the 72 h contact time used in our FP tests was longer than previous
studies,”” %° raising concerns for the potential HAN hydrolysis after formation,*® we conducted FP
tests on two samples using three contact times (24, 48, and 72 h). As shown in Table S8, the HAN-
FP of both the nitrified and non-nitrified samples decreased with contact time in the FP test.
However, the changes in DCAN-FP, BCAN-FP, and the calculated cytotoxicity by sunlight
(Figure S5) were not affected by the contact times used in the FP test. Besides HANs, we also
monitored the four THMs that are regulated by the U.S. EPA in our samples. As shown in Figure
S6, the FP of chloroform, dichlorobromomethane, dibromochloromethane, and bromoform
increased after 8 h of simulated sunlight irradiation. However, because the overall cytotoxicity
contributed by both dihaloacetonitriles and THMs were dominated by dihaloacetonitriles, a net
decrease in cytotoxicity was observed after sunlight irradiation (Figure S6e). Hence, the following
sections will focus only on HANs alone.

Among the nine water quality parameters monitored, only specific UV absorbance at 254
nm (SUVA) exhibited changes under sunlight (Tables S10 and S11). SUVA was consistently
reduced by sunlight, 5%—-29% lower after 8 h irradiation and 17%—-40% lower after 36 h irradiation.

The attenuation rate constants of SUVA were similar to those of DCAN-FP (Figure S7a and Table

12
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S7). A correlation was observed between the change in DCAN-FP or BCAN-FP for four effluent
samples and their corresponding change in SUVA upon 36 h irradiation (Figures S7b and S7c¢).
However, such a correlation was not observed for all effluent samples upon 8 h irradiation (Figure
S8). SUVA did not correlate with DOC-normalized DCAN-FP or BCAN-FP, which contrasts
previous reports that SUVA positively correlates with DOC-normalized DCAN-FP or BCAN-FP
for surface waters.*” *® This difference may be attributed to that the concentration of DON, as a
group of HAN precursors,® was reported to correlate with the aromaticity of organic matter
(absorbance at 254 nm) for surface water*’ but not for wastewater effluents>’. In contrast to our
recent findings that high nitrite concentrations are associated with increases in TCNM-FP after
sunlight irradiation,”* no relationship between nitrite concentration and the change in HAN-FP was
found.

Our repeated sampling at the four WWTPs allows us to assess the variability of DCAN-FP
and BCAN-FP of secondary effluents from the same WWTP (without sunlight irradiation) (Figure
S9a). The ratios between the standard deviation and the mean of DCAN-FP (n = 2-7) for an
individual WWTP were calculated to be 0.54-1.0, and those of BCAN-FP were 0.52-1.2,
suggesting substantial variability among samples collected at different times. Considering that
most surveys of the HAN-FP of wastewater effluents relied on 1-2 sampling at each plant,>>" >
future surveys may consider evaluating the temporal variability. Previously, an extensive survey
of U.S. secondary effluents showed that non-nitrified effluents featured higher FP of total HANs
(without normalization by DOC) than nitrified effluents.® In this study, FP was measured for
chlorine-disinfected secondary effluents, and we also observed that non-nitrified effluents featured

higher FP of DCAN and BCAN (without normalization by DOC) than nitrified effluents (Figure

13
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S10a). After normalization by DOC, however, neither DCAN-FP nor BCAN-FP was different
between non-nitrified and nitrified effluents (Figure S10b).
3.1.2. UV-disinfected Wastewater Effluents

UV is another common wastewater disinfection method. Figure 1d shows that sunlight
attenuated the BCAN-FP of UV-disinfected effluents to a greater extent than their DCAN-FP,
while Figure le shows that sunlight was able to reduce the overall cytotoxicity contributed by
dihaloacetonitrile-FP for most samples. The change in DCAN-FP or BCAN-FP by sunlight was
not significantly different between samples disinfected by chlorine (exposure: 30—55 mg-min/L)
and UV (incident fluence: 12 mJ/cm?) (Figure S11). Previously, the DCAN-FP of two nitrified-
denitrified, UV-disinfected effluents was shown to decrease under sunlight following pseudo first-
order kinetics, achieving 47% reduction after 13 h irradiation (~520 W/m?).”> We observed less
attenuation of DCAN-FP by sunlight, presumably attributable to the light screening by nitrate (for
nitrified effluents in our study) and/or the different UV fluence applied (data not available in
reference®). Indeed, we observed that UV disinfection fluence can influence the behavior of
effluents under sunlight (see below). Nitrified and non-nitrified effluents, regardless of being
disinfected by chlorine or UV, exhibited similar change in DCAN-FP and BCAN-FP under
sunlight (Figure S12). Similar to that observed for chlorine-disinfected effluents, the changes in
DCAN-FP, BCAN-FP, or the calculated cytotoxicity by 8 h of irradiation for UV-disinfected
effluents were not affected by the contact time used in the FP test (Figure S13). Regarding HAN-
FP before sunlight irradiation, UV-disinfected effluents featured higher DCAN-FP than chlorine-
disinfected effluents, but their BCAN-FP was similar (Figure S14). Variability of DCAN- and

BCAN-FP was also observed among UV-disinfected effluent samples collected at different times
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(Figure S9b). SUVA is again the only water quality parameter changed over the course of
irradiation (Table S14).

The phototransformation of dissolved organic matter is dependent on the irradiation
wavelength and intensity, suggesting that UV and sunlight can play different roles on the
transformation of HAN precursors. The UV incident fluence (12 mJ/cm?) for samples shown in
Figure 1d are on the low end of common doses for wastewater disinfection. Therefore, experiments
were conducted on four wastewater effluent samples with varying UV disinfection fluences (12—
150 mJ/cm?) prior to 8 h sunlight irradiation. Figure 2 shows that the FPg ;/FP, ratios decreased as
the UV disinfection fluence increased. At low UV disinfection fluences (<50 mJ/cm?), two of the
samples (B2 and D1) actually showed higher HAN-FP after sunlight irradiation. After irradiated
by higher UV fluences, however, all four samples exhibited lower DCAN-FP (9%—-17% lower)
and BCAN-FP (19%—41% lower) after 8 h sunlight irradiation. The FP of samples before sunlight
irradiation was not affected by the UV disinfection fluence (Figure S15a). We hypothesize that
UV irradiation can transform HAN precursors to more sunlight susceptible forms and/or increase
the reactivity of photosensitizers to degrade HAN precursors under sunlight. Indeed, we observed
that effluent C6 exhibited higher sunlight absorption ability (290-500 nm) after UV disinfection;
the higher the UV disinfection fluence, the greater the increase in the sunlight absorption ability
(Figure S16). This is further discussed in section 3.2.3.

3.1.3. Mixture of Surface Water and Wastewater Effluent

As shown in Figure 3, the mixture of wastewater A5 and surface water (volume ratio 1:1)
exhibited similar behavior under sunlight as wastewater: sunlight attenuated BCAN-FP faster than
DCAN-FP, and reduced the overall cytotoxicity contributed by dihaloacetonitrile-FP, although the

extent of reduction is generally smaller than that observed in wastewater alone. The behavior of
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surface water was distinct: its DCAN-FP and BCAN-FP increased by 8% and 23%, respectively,
after 36 h irradiation. This is consistent with a previous study reporting an increase in total HAN-
FP of DCAN, DBAN, and TCAN from foliage leachate after fourteen days of ambient sunlight
irradiation.” It is worth pointing out that while the DCAN-FP values of wastewater and surface
water were within a factor of 2, the BCAN-FP of wastewater was 7 times higher than that of surface
water, indicating much higher anticipated cytotoxicity from wastewater (Table S15). The strong
association of BCAN-FP with wastewater, its relatively fast attenuation by sunlight, and the high
toxicity of BCAN warrants further research.
3.2. Mechanistic Investigation of the Sunlight Effects on DCAN-FP and BCAN-FP
3.2.1. Change in the DCAN-FP and BCAN-FP of Model Precursor Solutions by Sunlight
Previous studies have carried out comprehensive surveys of DCAN precursors including
amino acids and nucleic acids.'” '' However, the concentrations of these precursors and their
structural analogues in wastewater are often unknown. Therefore, in pursuing the mechanisms of
the observed sunlight effects in this project, we opted to use a fluorescence EEM-directed approach.
Although EEM does not provide quantitative/molecular-level details and information about non-
fluorescing constituents, it is an easily accessible bulk analysis method and provides direction to
what fluorescing moieties are associated with HAN formation. Regression analysis showed that
the DCAN-FP and BCAN-FP of wastewater effluents correlated with the fluorescence intensity of
tryptophan-like, tyrosine-like, and fulvic acid-like moieties in the EEM (R? > 0.85, Figure S17).
Therefore, tryptophan, tyrosine, and Suwannee River fulvic acid were selected as model precursors.
Tryptophan and tyrosine are also potent DCAN precursors as shown in the surveys,'® and are
reactive under sunlight’®. Asparagine was selected as an additional precursor because of its

extremely high yield of DCAN' and the lack of any fluorescence signal. It should be
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acknowledged that the concentrations of tryptophan, tyrosine, and asparagine, in the form of free
amino acid, are low in wastewater,” " ***! but we believe that they bear relevance to the behavior
of structurally similar compounds in terms of the change in DCAN-FP and BCAN-FP under
sunlight and therefore can serve as model precursors in this preliminary investigation.

Figures 4a and 4b shows that sunlight photolysis of tryptophan and fulvic acid resulted in
the decrease of their DCAN-FP and/or BCAN-FP, and BCAN-FP is overall more likely to show a
decrease than DCAN-FP for each precursor. For tryptophan, the change in DCAN-FP by sunlight
depended on irradiation time: DCAN-FP initially increased and then decreased; BCAN-FP, in
contrast, decreased continuously. After 36 h, the irradiated tryptophan solution had similar changes
in DCAN-FP and BCAN-FP, 18-31% lower than the non-irradiated solution. Our results are
different from a previous study” showing that the DCAN-FP of tryptophan decreased
continuously over 13 h of simulated sunlight irradiation, which may be explained by the higher
light intensity (574 W/m?) and lower precursor concentration (1.3 mg C/L) in this study compared
with ours (320 W/m?, 5 mg C/L). Kynurenine and tryptamine, two major photoproducts of

tryptophan upon 337 nm irradiation® and two DCAN precursors,'" *°

were monitored during
tryptophan irradiation (Figure S18a). However, integrating the HAN-FP of these two intermediates
(Figure S18b) and their concentrations cannot account for the change in the DCAN-FP or BCAN-
FP of tryptophan solutions upon irradiation (Figure S18c, detailed discussion in Text S11),
suggesting other intermediate(s) may play a more important role. For fulvic acid (Figure 4b),
DCAN-FP remained unchanged, but BCAN-FP continuously decreased, reaching 38%—41%
lower after 36 h irradiation. For tyrosine (Figure 4c) and asparagine (Figure 4d), DCAN-FP and

BCAN-FP increased or did not change upon irradiation. BCAN-FP of asparagine was below

detection limit, indicating it is not an important precursor for BCAN. The presence of bromide
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(0.1 mg/L) during sunlight irradiation did not make a difference, with the only exception observed
for the DCAN-FP of tryptophan, which started to decrease earlier in the presence of bromide.
3.2.2. Simulating Wastewater Effluent with Fulvic Acid and Tryptophan

To evaluate whether these model precursors can account for the behavior of wastewater
under sunlight, tryptophan and/or fulvic acid were used to prepare synthetic effluents based on
EEM results. Tyrosine was not used for three reasons: 1) wastewater samples generally have weak
fluorescence intensity in the tyrosine-like region compared with the tryptophan- and fulvic acid-
like regions in the EEM (Figure S19a); 2) the tyrosine-like region was not substantially removed
by sunlight as the tryptophan- and fulvic acid-like regions (Figure S19b); 3) tyrosine did not show
a decrease in BCAN-FP under sunlight as wastewater while tryptophan and fulvic acid did (Figure
4). The amount of tryptophan (50 ug C/L) and fulvic acid (2.5 mg C/L) used to constitute the
synthetic wastewater effluent was selected such that they give rise to the same fluorescence
intensity as effluent A5 in the tryptophan- and fulvic acid-like regions. Figure 3c shows the change
in DCAN-FP and BCAN-FP by sunlight for the mixtures of surface water and different synthetic
effluents (containing tryptophan, fulvic acid, or both). Synthetic effluents constituted by fulvic
acid alone or by both fulvic acid and tryptophan closely approximated the behavior of the authentic
wastewater effluent AS: DCAN-FP and BCAN-FP continuously decreased by sunlight. In contrast,
the mixture of surface water and tryptophan-containing synthetic effluent behaved similar to
surface water in terms of the increase in DCAN-FP under sunlight. These results overall suggest
that fulvic acid can play an important role in the sunlight-induced change in HAN-FP from
wastewater.

3.2.3. Reactivity of Fulvic acid as a Photosensitizer

18



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

5657 and our

Fulvic acid contains HAN precursors, as shown in previous studies
experiments (Table S16). Additionally, it can act as a photosensitizer for the transformation of
pharmaceuticals and personal care products.”®®' To differentiate these two roles of fulvic acid, we
compared the change in HAN-FP by sunlight among three solutions: the surface water sample, a
fulvic acid solution containing the same level of bromide, inorganic nitrogen species, and DOC as
the surface water sample, and their 1:1 mixture (Figure 5). Prior to irradiation, the DCAN-FP and
BCAN-FP of fulvic acid is less than one third of those of surface water. Upon sunlight irradiation,
the mixture of surface water and fulvic acid exhibited 17% and 57% decrease in DCAN-FP and
BCAN-FP, respectively, while no such change in HAN-FP was observed in fulvic acid alone.
Additionally, the BCAN-FP of the mixture of surface water and fulvic acid decreased by an extent
(0.080 pg/mg C) greater than the initial BCAN-FP of fulvic acid (0.058 pg/mg C). These results
suggest that indirect photolysis, in which fulvic acid sensitized the decay of HAN precursors in
surface water, may be the main contributor to the decrease in HAN-FP under sunlight for the
mixture of surface water and wastewater effluents. Fulvic acid has been reported to sensitize the
photodegradation of compounds that are known HAN precursors such as histidine, methionine,
tyrosine, and tryptophan.>

To further evaluate the role of fulvic acid as photosensitizer in wastewater effluents, the
formation of excited triplet state organic matters in the effluents was measured by the probe
compound 2.,4,6-trimethylphenol, and compared with that in fulvic acid solutions that have the
same concentration of fulvic acid-like moieties as the effluents. Figure S20 shows that 2,4,6-
trimethylphenol decayed similarly in wastewater effluents and fulvic acid solutions, suggesting
similar levels of excited triplet state organic matters were present in the samples. We also spiked

fulvic acid into the solutions of different HAN precursors and observed that the decrease in HAN-
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FP were promoted for tryptophan and asparagine (Figure 4 open squares), reinforcing the role of
fulvic acid as a photosensitizer. For tryptophan, the decrease in DCAN-FP and BCAN-FP by
sunlight irradiation in the presence of fulvic acid was respectively 16% and 25% more than that
when tryptophan was irradiation alone. from the irradiation of tryptophan alone. For asparagine,
DCAN-FP decreased after sunlight irradiation in the presence of fulvic acid, in contrast to the
increase in the absence of fulvic acid.
3.2.4. Reactivity of Tryptophan and Its UV Photoproducts as Photosensitizers

As mentioned above, for UV-disinfected effluents, increasing UV disinfection fluence did
not affect the HAN-FP of wastewater effluents, but made it more likely for the effluents to feature
a lower HAN-FP after sunlight irradiation (Figures 2 and S15a). The positive correlation between
the UV disinfection fluence and the sunlight absorption ability of UV-irradiated effluent (Figure
S16) suggests that UV can produce more sunlight-reactive constituents. To examine whether this
trend can be replicated by model compounds, we conducted similar experiments on tryptophan
and fulvic acid solutions. As shown in Figure S16, tryptophan solution exhibited a similar trend as
effluent C6: samples irradiated by higher UV fluence showed a higher sunlight absorption ability;
such trend was not observed in the fulvic acid solution. Additionally, FP experiments on
tryptophan showed that UV did not affect its DCAN-FP, but the DCAN-FP after sunlight
irradiation was lower for samples irradiated by higher fluence of UV (Figures S15b and S15c¢),
similar to the observation for wastewater effluents (Figures 2 and S15a).

Tryptophan and its photoproducts are not only HAN precursors, but also photosensitizers
under sunlight®>®. Because the extent of tryptophan decay by UV was small (<6% for up to 300
mJ/cm?, Table S18), the difference made by UV to the change in HAN-FP under sunlight is likely

attributed to tryptophan’s UV photoproducts. Using benzoic acid and 2,4,6-trimethylphenol as
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probes for hydroxyl radical (OH) and excited triplet state organic matters, respectively, we
observed that the UV-irradiated tryptophan solutions generate significantly more excited triplet
states (Figure S21). The decay of 2,4,6-trimethylphenol under sunlight was 7 times faster in 300
mJ/cm?® UV-irradiated tryptophan solution than in the original tryptophan solution. In contrast, the
degradation of benzoic acid was not different between these samples. We then tested the
photosensitizing ability of tryptophan’s UV products by spiking them into authentic surface water
samples and examined the change in DCAN-FP under sunlight. As shown in Figure S22, the
mixture of surface water and UV-irradiated tryptophan solution lost 20% of its DCAN-FP after 8
h sunlight irradiation, in contrast to the increase in DCAN-FP by sunlight in the mixture of surface
water and tryptophan solution (not irradiated by UV), suggesting that the UV products of
tryptophan indeed served as photosensitizers to degrade HAN precursors. Several UV products of

55,70-72

tryptophan were reported to feature higher molar extinction coefficients than tryptophan and

act as sunlight photosensitizer.”*° For example, kynurenine can form an excited triplet under 308
nm irradiation.”” However, kynurenine only accounted for 2% of the sunlight absorbance of the
150 mJ/cm® UV-irradiated tryptophan solution based on its molar extinction coefficient (Figure

S23) and its concentration in the UV-irradiated tryptophan solution (Table S18). The other UV

65, 66 d 67, 72
9

products of tryptophan such as N-formylkynurenine, xanthurenic aci and kynurenic

68, 69
d°®

aci that are reactive under sunlight but not monitored in this study may contribute more

substantially to the photosensitizing behavior of UV-irradiated tryptophan solutions and should be

considered in future research.

4. Environmental Implications
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This study is one of the few to systematically evaluate the effects of sunlight on the HAN-
FP of wastewater effluents as they travel downstream. We showed that by preferentially removing
the formation potential of the more toxic BCAN over that of DCAN, sunlight can reduce the
overall potential toxicity from the formation potential of dihaloacetonitriles, a group of N-DBPs
shown to contribute higher risk to drinking water than other DBP groups.* The reduction in
potential cytotoxicity by 8 h of sunlight irradiation (equivalent to approximately 2—3 days under
natural sunlight) ranges from 1% to 27%. The effects of sunlight also apply to mixtures of
wastewater effluent and pristine surface water, which simulate the surface water immediately
downstream of wastewater discharge. The comparison between chlorine- and UV-disinfected
effluents suggests that the sunlight effects on HAN-FP were not affected by wastewater
disinfection methods at environmentally relevant doses. However, higher UV disinfection fluences
can make the effluents more susceptible to sunlight in losing their HAN-FP. By evaluating model
compounds that are implicated by the fluorescence signals of authentic wastewater, we propose
that both direct photolysis of HAN precursors (e.g., tryptophan and fulvic acid) and indirect
photolysis (e.g., sensitized by fulvic acid and UV-products of tryptophan) contributed to the
decrease in the HAN-FP of wastewater effluents by sunlight, with the latter being the more
important mechanism (scheme in Figure S24). Future work is needed to continue to explore these
pathways.

Our study enriches the knowledge on the roles of sunlight in transforming DBP formation
potential of different waters.'” 2*?® 33 Overall, sunlight plays different roles for different sources
of organic materials and different DBP precursors. For surface waters dominated by humic
materials, sunlight can increase HAN-FP; for wastewater, however, sunlight can decrease HAN-

FP. Sunlight can attenuate TCNM-FP for non-nitrified wastewater effluents but increase TCNM-
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FP for wastewater effluents in the presence of nitrite. For both surface waters and wastewater
effluents, sunlight increases THM-FP. Considering the varying toxicity of different DBPs, a
comprehensive, toxicity-weighted evaluation is recommended for future studies.

Lastly, we would like to acknowledge two limitations of this study that should be addressed
in the future. First, we prioritized the wastewater constituents that show fluorescence signals,
taking advantage of the EEM technique to provide (semi-)quantitative insight into the behavior of
wastewater effluents under sunlight. However, other non-fluorescing constituents should also be
investigated in the future, especially those serving as HAN precursors (e.g., asparagine) that can
be degraded by photosensitizers (e.g., fulvic acid). Second, we opted to use FP test in this study so
that the results can be compared with previous surveys of wastewater HAN-FP and with the other
studies on the sunlight effects of HAN-FP from wastewater effluent. However, future studies are
needed to use drinking water relevant disinfection conditions, especially for investigating the

relative formation of DCAN and BCAN.

Supporting Information
Additional details on experimental methods, and additional figures and tables for result

and discussion.
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Figure 1. Change in the DCAN-FP and BCAN-FP of (a) two non-nitrified (A4 and B3) and two
nitrified (C5 and D2) effluent samples over 36 h irradiation; change in the DCAN-FP and BCAN-
FP of (b) sixteen chlorine-disinfected and (d) thirteen UV-disinfected effluent samples after 8 h
irradiation; change in the calculated cytotoxicity contributed by dihaloacetonitrile-FP of (c) sixteen
chlorine-disinfected and (e) thirteen UV-disinfected effluent samples after 8 h irradiation. Details
of the experimental procedure are described in section 2.3. The UV incident fluence for (d) and (e)
was 12 mJ/cm?. Error bars represent the standard deviation from duplicate experiments. The fitting
curves in (a) correspond to pseudo-first order kinetics. Tables S6 and S12 show the values of DOC-
normalized DCAN- or BCAN-FP and the calculated cytotoxicity for each sample.
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Figure 2. Change in DCAN-FP and BCAN-FP after 8 h simulated sunlight irradiation for
wastewater samples disinfected by different UV fluences. A4 and B2 were non-nitrified effluents;
C4 and D1 were nitrified effluents. Details of the experimental procedure are described in section
2.3. Error bars represent the standard deviation from duplicate experiments. Table S12 shows the
values of DOC-normalized DCAN- or BCAN-FP for each sample.
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717  Figure 3. Change in (a) DCAN-FP and BCAN-FP and (b) calculated cytotoxicity from
718  dihaloacetonitrile-FP by sunlight for chlorine-disinfected effluent AS, surface water, and their
719  mixture (volume ratio 1:1); (c¢) change in DCAN-FP and BCAN-FP by sunlight for mixtures of
720  SW and synthetic wastewater solutions (volume ratio 1:1) containing tryptophan, fulvic acid, or
721  both tryptophan and fulvic acid. The preparation of synthetic wastewater is described in Text S6.
722 Error bars represent the standard deviation from duplicate experiments. Table S15 shows the
723 values of DOC-normalized DCAN- or BCAN-FP for each sample. Abbreviations: SW, surface
724  water; WW, wastewater; Trp, tryptophan; FA, fulvic acid.
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Figure 4. Change in DCAN-FP and BCAN-FP by simulated sunlight for (a) tryptophan, (b) fulvic
acid, (c) tyrosine, and (d) asparagine solutions. The solutions were buffered at pH 7.2 by 5 mM
phosphate and contained 5 mg C/L precursor compound. Bromide (0.1 mg/L) was not spiked (“No
Br ), or spiked before (“+Br before) or after (“+Br after” ) sunlight irradiation. Fulvic acid (2.5
mg C/L) was spiked (“+FA”) in selected tryptophan, tyrosine, and asparagine solutions. All
samples were irradiated under simulated sunlight (320 W/m?) over 36 h and then subject to FP test.
Error bars represent the standard deviation from duplicate experiments. Table S16 shows the
values of DOC-normalized DCAN- or BCAN-FP for each sample. BCAN-FP of asparagine was
below detection limit.
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Figure 5. Change in DCAN-FP and BCAN-FP by sunlight irradiation for a surface water sample,
a fulvic acid solution, and a mixture of surface water and fulvic acid solution (volume ratio 1:1).
The fulvic acid solution was prepared with the same bromide, inorganic nitrogen, and DOC
concentrations as SW and buffered by 5 mM phosphate at pH 7.2. Samples were irradiated under
simulated sunlight (320 W/m?) over 36 h and then subject to FP test. Error bars represent the
standard deviation from duplicate experiments. Table S17 shows the values of DOC-normalized
DCAN- or BCAN-FI;fSr each sample. Abbreviations: SW, surface water; FA, fulvic acid.
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